Members of the p53 tumor-suppressor family are expressed as multiple isoforms. Isoforms with an N-terminal transactivation domain are transcriptionally active, while those ones lacking this domain often inhibit the transcriptional activity of other family members. In squamous cell carcinomas, the high expression level of ΔNp63α inhibits the tumor-suppressor function of TAp73β. This can in principle be due to blocking of the promoter or by direct interaction between both proteins. p63 and p73 can heterooligomerize through their tetramerization domains and a hetero-tetramer consisting of two p63 and two p73 molecules is thermodynamically more stable than both homo-tetramers. Here we show that cells expressing both p63 and p73 exist in mouse epidermis and hair follicle and that hetero-tetramer complexes can be detected by immunoprecipitation in differentiating keratinocytes. Through structure determination of the hetero-tetramer, we reveal why this hetero-tetramer is the thermodynamically preferred species. We have created mutants that exclusively form either hetero-tetramers or homo-tetramers, allowing to investigate the function of these p63/p73 hetero-tetramers. Using these tools, we show that inhibition of TAp73β in squamous cell carcinomas is due to promoter squelching and not direct interaction.
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besides its action as a tumor suppressor. 2 The connection of p63 and tumor development, however, is less obvious. So far two main functions have been identified for p63 that are connected to two different isoforms of the protein. The ΔNp63α isoform that lacks the N-terminal transactivation (TA) domain is highly expressed in cells of the basal compartment of stratified epithelial tissues where it serves important functions in maintaining the proliferative potential of these cells. 3, 4 The second function that is carried out by the full-length TAp63α isoform is that of a quality control factor in female oocytes. 5 Mutations in the human p63 gene are the cause for six different syndromes characterized by deformations of the limbs and/or skin erosions. 6, 7 In tumors, however, mutations in the p63 gene are found only infrequently, suggesting that p63 is not a typical tumor suppressor. Overexpression of the ΔNp63α isoform, however, is observed in squamous cell carcinomas, particularly in head and neck squamous cell carcinomas (HNSCCs), a group of malignancies derived from cells of the basal epithelia of the aerodigestive mucosa. 8 Although it has been shown that ΔNp63α acts as a transcription factor for a certain set of genes, it inhibits the p53 and p73-induced activation of prototypical apoptosis-related genes by binding to and blocking the promoter. In addition to this indirect effect via promoter squelching, it was shown that p73 directly interacts with ΔNp63α, which may also contributes to inhibiting p73's function as a tumor suppressor. 8 In previous studies, along with others, we have shown that p63 and p73 can form mixed tetramers via their tetramerization domains (TDs). 9, 10 Surprisingly, hetero-tetramers consisting of one homo p63 dimer and one homo p73 dimer are thermodynamically more stable than both homo-tetramers. This in vitro finding suggests that in cells that express both p73 as well as p63 mixed tetramers can exist. Such a direct interaction has indeed been identified in HNSCC cells where overexpression of the ΔNp63α isoform may be a selective advantage for tumor growth by inhibiting TAp73 isoforms. Both proteins also occur simultaneously in normal tissues such as the basal layer of keratinocytes. 9, 11 As a first step to characterize the biological function of such hetero-tetramers, we wanted to investigate if they exist in human primary keratinocytes. In addition, we were interested to understand at the structural level exactly why the hetero-tetramer is thermodynamically more stable than the homo-tetramers and how this interaction contributes to the inhibition of TAp73β in HNSCCs. Finally, we aimed to develop a toolkit to study the function of hetero-tetramers during development.
Results
Co-expression and hetero-tetramerization of p63 and p73 in vivo. Cells in the basal layer of epithelial tissues express a high concentration of ΔNp63α. 12 In the suprabasal cell layers, the expression of p63 gets gradually reduced with the increasing level of differentiation. To investigate if p63-positive cells also express p73, we stained skin sections of P5 mice (Figure 1a) . Although the expression level of p63 is much higher, some cells of the basal layer as well as in the hair follicle express p73 as well. This observation is consistent with earlier reports of p73 expression in the skin 11, 13, 14 as well as in multiciliated cells. 15 To further investigate if cells exist that simultaneously express both p63 and p73, we used immunofluorescence (IF). This analysis showed that both in the basal layer of the skin as well as in the outer root sheath (ORS) of the hair follicle double-positive cells exist. Although in both cases several layers of p63-positive cells occur, p73 expression seems to be confined to some cells in the basal layer of the epidermis and the outer cell layer of the ORS of hair follicle (Figure 1b and Supplementary Figure S1A ). Double-positive cells were also always K14 positive, whereas the K14-negative cells of the matrix of the hair follicle bulb only express p63 but not p73.
In the next step, we investigated if hetero-tetramers occur in primary human keratinocytes. Although we could detect a strong signal for p63 (ΔNp63α) in these cells, the p73 level was very weak, could, however, be increased upon keratinocyte differentiation initiated by high concentration of calcium. (Figure 1c) . Interestingly, we observed a burst in p73 expression between days 2 and 4. At day 6, expression of both p63 and p73 is almost completely lost while expression of the differentiation marker K10 becomes prominent. This expression analysis is consistent with the expression pattern of p63, p73 as well as K14 and K10 in the mouse skin (Supplementary Figure S1B) .
To investigate the formation of hetero-tetramers, we used co-immunoprecipitation experiments. Interaction between both proteins could be observed in both combinations, using either an anti-p63 antibody or an anti-p73 antibody for the co-immunoprecipitation experiments, demonstrating that in differentiating primary keratinocytes both proteins indeed form hetero-tetramers (Figure 1d) . Differentiation of the keratinocytes was monitored by western blot analysis of the differentiation markers K14 and K10 (Supplementary Figure S1C) .
Determination of the structure of the hetero-TD of p63 and p73. Further characterization of the biological function of p63/p73 hetero-tetramers is currently hampered by the fact that cells always contain a mixture of both homo-tetramers as well as the hetero-tetramer. If cells containing only the heterotetramer would be available, ChIPseq or RNAseq experiments could be used to characterize the hetero-tetramerspecific transcriptome and compare it with the data known from p63 and p73. Similarly, if hetero-tetramerization could be prevented the biological function of the hetero-tetramer could be analyzed with knock out models. The basis for creating such research tools would be mutational studies designed to either strengthen hetero-tetramer formation or prevent it. As a first step toward this goal, we decided to determine the NMR solution structure of the hetero-tetramer. Previous NMR investigations have revealed that a mixture of the p63 and p73 TDs not only contain the two homo-tetramers and the hetero-tetramer consisting of two homo-dimers but all possible combinations of p63 and p73 within heterotetramers (Supplementary Figure S2) . 9 ,10 Such a mixture of seven different species would be far too complex for a detailed structural investigation. To be able to analyze the structure of the p63 2 /p73 2 hetero-tetramer, consisting of a p63 homo-dimer and a p73 homo-dimer, we decided to selectively stabilize it by mutagenesis. We therefore mutated amino acids, which form inter-dimer salt bridges (Figure 2a ) in both tetramers in such a way that they lead to an attractive interaction in case of the hetero-tetramer while destabilizing the homo-tetramers (E363K in the p73 TD and K377E in the p63 TD). To be able to analyze the results of our mutagenesis experiment, we labeled the p73 TD with 15 N-lysine. In previous experiments, we have seen that the chemical shift of K372 located in the first helix is a sensitive indicator of the formation of the different hetero-tetramer species. 9 Figure 2c shows a spectrum of a mixture of the two mutated domains demonstrating that only a single peak remains. This peak shows chemical shifts similar to K372 in the p63 2 /p73 2 hetero-tetramer obtained with the two wild-type domains (Supplementary Figure S2) . Similar results were obtained by titrating unlabeled p73 TD to 15 N-lysine-labeled p63 TD (Figure 2d ). These results suggested that indeed the mutations selectively stabilize the expected hetero-tetramer.
We determined the structure of the TD of the p63 2 /p73 2 hetero-tetramer by standard multidimensional NMR spectroscopy. A representative structure is shown in Figure 2e . The overall tertiary structure closely resembles those of both homo TDs and is, as expected, comprised of a p63 homo-dimer and a p73 homo-dimer. In principle, three different interaction regions between both dimers could be responsible for the higher stability of the p63 2 /p73 2 hetero-tetramer as shown by inter chain NOEs (Supplementary Figures S3A-C) . The by far largest interaction region is formed by helix 1 of each subunit, forming the central tetramerization interface. Owing to very high sequence conservation, it is unlikely that this region is responsible for the selective stabilization effect.
The second region spans the loop region between helix 1 and the first turn of helix 2 in each subunit. We tested the importance of this region by exchanging the sequence TIET in p63 to the p73 sequence (LVDS) but did not detect a significant destabilization of the p63 2 /p73 2 hetero-tetramer ( Supplementary Figures S3D-G) . is equal to the regular epidermis. White boxes mark the magnified area. Scale bar: 25 μm. Expression level of p63, p73 and K10 during keratinocyte differentiation. Differentiation of keratinocytes was induced by supplementing the culture medium with high calcium concentrations. p63 and p73 levels were detected via western blot on consecutive days. p73 initially shows a very low basal expression. At day 2 after induction, the protein level sharply increases and is gradually lost again after day 3. p63 levels are initially on a high level, but the expression gradually decreases after day 2 (note that for the western blot in panel c a lower amount of the p63 antibody was used than for the p63 western blot shown in d). Uninduced control cells were blotted as well ('-'). K10 expression (red line in panel p63 symbolizing the expression profile) is detectable from day 3 on. (d) Differentiated and non-differentiated primary human keratinocyte lysate was immunoprecipitated with a p73-specific antibody and a p63-specific antibody was used for detection and vice versa. Keratinocyte differentiation was induced with high calcium concentrations (dx = day after induction). Normal IgG was used as a control. IP, immunoprecipitation; WB, western blot
The third region comprises helix 2 of p73 and the β-sheet of p63. In the structure of the p63 2 /p73 2 hetero-tetramer, L396 of p73 is situated in a hydrophobic pocket formed by the aromatic ring of Y363 and P365 of p63 ( Figure 2f ). Interestingly, no corresponding interaction is detected between helix 2 of p63 and the β-stand of p73. The missing interaction of p63 helix 2 with p73 is supported by a total lack of NOE restraints during structure calculation, as well as
HetNOE experiments of the complex (Supplementary Figures S3H and I).
To test whether this potential interaction is indeed relevant for the increased stability of the hetero-tetramer, a L395A/L396A mutant of the otherwise wild-type p73 TD was expressed and titrated to For clarity reasons, the flexible c-termini of the p63 chains after Q409 have been omitted. p63 chains (blue) and p73 chains (red) each form an independent dimer consisting of an N-terminal antiparallel β-sheet and one subsequent helix per monomer. These helices interact with the corresponding helices from the other dimer, thus forming the central tetramerization interface. In addition, the C-terminal helix 2 leans toward the β-strand from the opposing dimer. (f) View onto the p63 β-sheet as a surface model with helices 2 of p73 shown as explicit secondary structure element. The hydrophobic outward facing amino acids of the p63 chains are depicted as colored sticks (L361 in orange, Y363 in yellow, P365 in blue). The side chain of L396 of p73 (red, shown as sticks) penetrates into a hydrophobic pocket formed mainly by P365 of p63. L361 shows a small additional stabilization, however, the main effect can be attributed to P365 (Supplementary Figure S4) . NOE restraints, which could be detected in this region, are shown as green lines H]-BEST-TROSY spectra of selectively lysine-labeled wild-type p63 (a) and wild-type p73 (b) showing K377 or K372, respectively. A total of eight different resonances can be detected after mixing each protein with equal amounts of unlabeled p73 or p63, respectively, and subsequent incubation for 24 h at 37°C. Peaks corresponding to the homo-tetramers in a and b are overlaid in green and blue, respectively. Peaks corresponding to the homo-tetrameric population, as well as the hetero-tetramer of homo-dimers, are marked in each panel. The mayor single population in both cases is the hetero-tetramer of homo-dimers. (c and d) Sections of [ and b). Furthermore, in a separate experiment the outward facing leaf of the β-strand of the p63 TD was mutated to resemble the more hydrophilic p73 TD (L361T/P365Q in Figures 3e and f) and titrated to 15 N-labeled p73 TD. Mutation of L395 and L396 to alanine in p73 leads to a strong reduction in the population of the p63 2 /p73 2 hetero-tetramer (Figure 3g) . A similar result was obtained for the L361T/P365Q double mutation in the p63 TD. In this case, mutation of P365 seems to have the overwhelming effect (Supplementary Figure S4) .
A different set of salt bridges selects for homo-tetramers by preventing hetero-tetramerization. As mentioned above, studying the biological functions of p63 2 /p73 2 heterotetramers created by interaction of the different p63 isoforms with p73 isoforms would be possible by 'knock out' studies in which the formation of hetero-tetramers can be prevented. Based on the success of the selective stabilization of the hetero-tetramer described above, we reasoned that a similar rational design approach could be taken to create mutants that are incapable of forming hetero-tetramers but without influencing the formation of the homo-tetramers. To abolish heterotetramerization, we introduced charge swap mutations in the tetramerization interface of p73 that lead to attractive interactions within a p73 homo-tetramer but to charge repulsion in hetero-tetramers (E363R, K370E, E373R and R390D; see Figures S6A and B) . This result indicated that not only the p63 2 /p73 2 hetero-tetramer formation was suppressed but the formation of all possible hetero-tetramer species.
To validate the mutant TD within the context of the full-length protein, we expressed ΔNp73α containing the mutations E363R, K370E, E373R and R390D in rabbit reticulocyte lysate (RRL) and analyzed the protein by SEC. The results also showed that the mutated full-length ΔNp73α eluted as a tetramer (Figure 4c ). The crystal structure of the designed p73 TD homo further confirmed our strategy and demonstrated the formation of the designed salt bridges (Figures 4d-f) . As expected, the p73 TD homo does not interact with both p63 TD and p53 OD (Figure 4b) .
Unfortunately, the search for mutations that would prevent hetero-tetramerization without affecting homo-tetramerization was not successful in the case of p63. Although a E370K, K377E, E380R and R397E mutant showed in the NMR investigations of the isolated TD only a single conformation with chemical shifts indicative of the homo-tetramer (Supplementary Figure S6C-E) , this mutant in the context of ΔNp63α expressed in RRL formed only dimers (Supplementary Figure S6F) . This result showed that these mutations weaken the tetramerization leading to the formation of dimers at low concentrations. Unfortunately, the search for additional mutations that would strengthen the formation of tetramers was not successful.
Interaction of wild-type/mutant p63 with p73 in cells. To investigate the interaction of the hetero or homo mutants of p63 and p73 in a cellular environment, we performed co-immunoprecipitation experiments of transiently overexpressed wild-type or mutant ΔNp63α with wild-type TAp73β in the neuroblastoma cell line SK-N-AS. We used this specific combination as it has been shown that direct interaction between these two isoforms inhibits the tumor-suppressor activity of TAp73β in HNSCC cells. 8 Introduction of the homotetramer mutations (E370K, K377E, E380R and R397E) in ΔNp63α led to a marked decrease in co-IP efficiency with TAp73β, indicating that hetero-tetramer formation was repressed by these mutations also in a cellular context ( Figure 5) . Interaction between the hetero-tetramer mutants of TAp73β (E363K) and of ΔNp63α (E377E) again showed a strong co-IP efficiency in all tested combinations.
Inhibition of the transcriptional activity of TAp73β by
ΔNp63α is mainly based on preventing promoter binding. As a first application of this new tool, we wanted to investigate the mechanism by which the high expression level of ΔNp63α in HNSCC cells influences the transcriptional activity of TAp73β. The transcriptional activity was measured on the Bax promoter in p73-deficient SK-N-AS cells with different amounts of ΔNp63α added in ratios from 1 : 1 to 1 : 16 (p73 : p63). As expected, the addition of wild-type ΔNp63α decreased the activity of TAp73 in a concentration-dependent manner (Figure 6a ). In principle, this effect may be caused by two mechanisms. On the one hand, hetero-tetramerization can lead to a decrease in activity because of the lack of the TA domains in ΔNp63α. On the other hand, p63 binds similar promoters as p73 as both proteins share a very high sequence identity in their DNA-binding domains (~85%). At high concentration, ΔNp63α could therefore displace p73 from pro-apoptotic promoters. ΔNp63α itself was not potent in inducing transcription from the Bax promoter as shown in control experiments ( Figure 6 ). To distinguish the effects of hetero-tetramerization and promoter displacement, we performed the titration assay with different p63 and p73 mutants. Addition of the isolated p63 TD led to a strong reduction in the transcriptional activity of wild-type TAp73β (Supplementary Figure S7A) . This result was expected as hetero-tetramers consisting of TAp73β and the p63 TD contain only two DBDs. It has been shown by several laboratories that dimers (and such a hetero-tetramer is a functional dimer) retains approximately 50% of the activity of the tetramer. 16, 17 Using TAp73β containing the homo mutants, however, did not show a reduction in activity, proving that hetero-tetramer formation was suppressed (Supplementary Figure S7B) .
Next, we compared the activity of TAp73β with the activity of its homo mutant in the presence of wild-type ΔNp63α. In both cases, we measured a similar drop in activity (Figure 6b ). As the p73 homo mutations effectively prevent the formation of hetero-oligomers, this drop cannot be explained with a reduced activity of the hetero-oligomers. Instead blocking the promoter-binding site by ΔNp63α is the most likely explanation. To verify this assumption, we performed the same titration experiments with a DNA-binding domain mutant of ΔNp63α (R279H). Co-expression of wild-type TAp73β with the DNA-binding mutant of ΔNp63α resulted in a significant drop in TA activity, through the formation of hetero-tetramers with only two functional DNA-binding domains (similar to the experiments with the isolated p63 TD with approximately 50% TAp73 inhibition by ΔNp63 J Gebel et al of activity expected) (Figure 6c ). In contrast, titration of the p73 homo mutant with ΔNp63α (R279H) did not show any inhibitory effect (Figure 6d ). These data suggested that the strongest effect of the ΔNp63α-based inhibition was due to blocking promoter binding.
Discussion
All members of the p53 protein family are expressed as many different isoforms that are created by the combination of different N-terminal promoters and C-terminal splice events. 1, 12, 18 This bewildering array of different proteins becomes even more complex by the fact that all members of this family -with the exception of the C. elegans protein Cep-1 (ref. 19 ) -contain an oligomerization domain (OD) that is capable of forming tetramers, thus allowing the formation of a potentially astronomical number of different protein species. The high sequence identity within the ODs among the different family members increases this theoretical number even further by potentially enabling the formation of hetero-oligomers that contain different combinations of isoforms of these family members. However, not all combinations are possible and in previous experiments we have shown that, for example, the two different family members found in the tunicate species Ciona intestinalis do not form hetero-tetramers at all. 20 With respect to the three mammalian family members, along with others, we have shown that p53 does not form heterotetramers with either p63 or p73. 9, 10 However, these investigations have also demonstrated that p63 and p73 form very stable hetero-tetramers. So far, all available data suggest that the question whether two different proteins can form heterotetramers or not is connected to the presence of a second helix in the TD. Proteins with a second helix can form such heterotetramers while no stable complexes of proteins with a second helix and proteins without a second helix have been observed.
In this publication, we have systematically analyzed the reason for the high thermodynamic stability of the heterotetramer formed by p63 and p73 by structure determination. Of central importance for this higher stability is the interaction of helix 2 of the p73 TD with the β-sheet of the p63 TD. This interaction of hydrophobic amino acids in the C-terminus of the second helix with the hydrophobic outer leaflet of the β-sheet is only possible in the hetero combination and explains the higher thermodynamic stability compared with the homotetramers.
Although the structure determination explains why in in-vitro experiments a mixture of p63 and p73 TDs forms very stable hetero-tetramers, the central question is whether these hetero-tetramers exist in vivo and what is their specific function. From investigations of p53 it is known that this protein forms dimers co-translationally. 21 In addition, the longest isoform of p63, TAp63α is expressed in a closed and only dimeric conformation in oocytes. 16, 22 These observations suggest that all family members of the p53 family likely form dimers co-translationally and only later two dimers interact to form the fully active tetrameric state. This expression scheme makes the formation of hetero-tetramers possible, if both p63 and p73 are simultaneously expressed in the same cells. Such co-expression has been shown, for example, for keratinocytes and our co-IP experiments with differentiating primary keratinocytes indicate that hetero-oligomerization takes place in vivo. In addition, stainings of mouse epidermis and hair follicle as well as our keratinocyte differentiation experiments show that p73 is always co-expressed with p63. These data suggest that in a cell population in the basal layer of the epidermis and the ORS of hair follicle, most likely the majority of p73 exists as a complex with p63. The p63/p73 hetero complex may therefore be characteristic for a certain transition phase of keratinocyte differentiation. Direct interaction between p63 and p73 has also been reported in HNSCCs. 8 This tumor type often shows a high expression level of ΔNp63α that inhibits the tumor-suppressor function of TAp73. Our analysis of the potential mechanism of this inhibition, however, suggests that most of it is probably due to promoter squelching although the formation of hetero-complexes between transactivating p73 isoforms and inactive p63 isoforms on promoter sites with a reduced number of TA domains may contribute as well.
In addition, interaction between p63 and p73 has indirectly been observed in ChIPseq analysis of the DNA occupancy of p63 and p73 in the cervical carcinoma cell line ME180. Comparison of the binding profiles of both proteins did not reveal any significant difference, suggesting that both proteins have the same binding targets. 23 Furthermore, co-occupancy was detected for all investigated sites, suggesting that heterotetramers could be involved. This strikingly similar binding behavior is in stark contrast to the phenotypes of the p63 and p73 knock out mice. Although the p63 knock out mouse suffers from severe defects of the development of epithelial tissues, including limb truncations and skin erosion, 3, 4 the p73 knock out mouse shows defects in neurogenesis, inflammation and sensory pathways. 24 The results of the ChIPseq study suggests that these clear differences are not due to different transcriptional targets but may be due to the expression pattern of both proteins in different tissues. Alternatively, the transcriptional activity of both proteins may differ because of the different isoforms. It has been demonstrated that ΔNp63 and TAp63 isoforms activate different promoters. In keratinocytes only the ΔNp63α isoform is highly expressed while several different isoforms of p73 are present. The domains of these isoforms can influence the transcriptional activity by modulating the interaction with transcription factors or other binding partners and different posttranslational modifications can also cause different effects. In previous studies, we have been able to show that while the activity of tetrameric p63 seems independent of the promoters used, the activity of p73 strongly depends on the cellular and promoter context. Therefore, the formation of hetero-tetramers may have an important role in fine tuning the activity of p63 and p73. An important motivation for our structural study was to create new research tools that can be used to investigate the biological function of this p63 2 /p73 2 hetero-tetramer. One way to study its potential biological function would be to create knock out cell lines or model organisms. In such a knock out study, the p63 and p73 homo-tetramers would have to be fully functional while hetero-tetramerization would be suppressed. We have designed mutations in p73 that only allow the formation of p63 and p73 homo-tetramers but prevent the formation of the p63 2 /p73 2 hetero-tetramer. Unfortunately, mutations in p63 also affect the dissociation constant of these homo-tetramers. Although for p73, additional changes in length of the side chains of the mutated amino acids were successful to stabilize homo-tetrameric p73, further mutations of the p63 TD were so far not successful. Consequently, knock out studies based on our homo-tetramers should mutate only p73.
Materials and Methods
Plasmids. Mammalian cell expression constructs for the p63 isoforms and mutants used in this study have been described earlier. 25 All mutants were generated using the Quickchange site-directed mutagenesis protocol. For the TA assays, single copies of the BAX promoter have been cloned into pGL3 promoter vector. For E. coli expression, the TD of p63 (amino acids 358-316) and p73 (amino acids 351-398) were subcloned into a pET16b vector (Merck Millipore, Darmstadt, Germany), modified with an N-terminal His-tag and a TEV protease site. All point mutations were introduced via QuikChange (Agilent Technologies, Waldbronn, Germany).
Bacterial expression and purification. Expression was generally carried out in T7 Express cells (New England Biolabs, Frankfurt, Germany). For unlabeled expression, cells were grown at 37°C in 2xYT medium to an optical density of 0.7 and induced with IPTG to a final concentration of 1 mM. After induction, temperature was reduced to 22°C and the expression was carried out overnight. For labeled expression, cells were grown at 37°C in 2xYT medium and harvested when the optical density reached 0.4. After centrifugation, the medium was discarded and the cells were resuspended in M9 minimal medium supplemented with the appropriate isotopic labeling (1 g were pooled and TEV protease was added before dialysis overnight into IMAC-A buffer. The TEV protease and the cleaved His-Tag were removed by reverse IMAC purification.
Complex formation. For complex formation, the hetero mutants of both TDs were mixed in an equimolar amount, diluted into AEX-A buffer (25 mM Tris pH 8.5) and incubated for 1 h at room temperature. They were subsequently loaded onto a HiTrap Q column (GE Healthcare) and eluted with a linear gradient to 1 M NaCl. In general, three peaks were observable, corresponding to the hetero-tetramer and both homo-tetramers. Fractions containing the hetero-tetramer were pooled and concentrated before gel filtration into NMR buffer (25 mM HEPES, 50 mM NaCl, pH 7.0). Gel filtration was performed on a HiLoad Superdex 75 16/600 column (GE Healthcare).
NMR spectroscopy. All experiments were carried out at 310 K on Bruker (Rheinstetten, Germany) Avance spectrometers with proton frequencies of 500, 600, 700, 800, 900 or 950 MHz. The backbone assignments were done with 3D HNCACB and HN(CA)CO spectra. Side chains were assigned with the help of 3D N-edited-NOESY-HSQC (τ m 100 ms) spectra. Hydrogen bonds inside the N-terminal β-strands were measured by long range HNCO experiments. In addition, all other backbone residues, which could be observed in HSQC experiments after 1 week of incubation in buffer containing 100% 2 H 2 O at 37°C were considered to take part in hydrogen bonds.
Structure determination. Structural restraints were obtained from automated NOESY peak assignment using the consensus structure bundle method 26 of the CYANA 3.97 software package 27 based on 10 different intra-and intermolecular NOESY spectra (Supplementary Table 1 ). The consensus structure calculation method was performed as 20 individual structure calculations using the standard CYANA protocol and a cutoff of 0.6 was applied for the selection of consensus peak assignments.
The completeness of the chemical shift assignments for the non-labile 1 H and the backbone HN was 94.3%. An initial consensus structure calculation was used to refine input NOESY peak lists by selecting only those peaks that could be assigned in a minimum of 60% of the individual structure calculations. These refined NOESY peak lists were used as input for a second consensus structure calculation. 99% of the NOESY cross peaks were assigned (Supplementary Table 1 ) and the final consensus set of distance restraints was composed of 2582 unambiguous upper distance limits.
Dihedral angle restraints were obtained from chemical shift analysis of the H N , N, C', C α , C β and H α atoms using the program TALOS+. 28 Each of the 220 experimental H-bonds were defined by a upper-and lower distance limit. Upper limit values were set to 3.2 Å for heavy atom distances and to 2.2 Å for distances between heavy atoms and protons. Lower limit values were set to 2.7 Å and 1.8 Å, respectively.
The structure calculation was performed with CYANA using 200 random starting conformers, and 20 000 torsion angle dynamic steps. The resulting structures were sorted according to their target function values, and the 20 structures with the lowest target function values were selected. Restrained energy refinement was carried out using the OPALp 29 program, which uses the AMBER 94 force field.
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X-ray crystallography. Crystals of p73 TD homo were grown by vapor diffusion at 4°C in a 150 nl sitting drop by mixing 100 nl protein (20.56 mg/ml) and 50 nL mother liquor (2 M sodium chloride, 0.1 M sodium phosphate, 0.1 M potassium phosphate, 0.1 M HEPES pH 7.5) equilibrated against 20 μl reservoir containing mother liquor. A crystal was cryo-protected using mother liquor supplemented with 20% glycerol and diffracted to 1.36 Å at Diamond Light Source I04-1. Data reduction was performed with XIA2 (ref. 31 ) and analysis with PHENIX. xtriage. Molecular replacement using 2WQI was performed with PHASER 32 and models were refined using PHENIX.refine 33 and COOT. The final model was validated using Molprobity. 34 Data collection and refinement statistics are summarized in Supplementary Table S2 .
Population determination. For population determination, wild-type TDs or the corresponding mutants were gel filtered into KPKCl buffer (20 mM potassium phosphate pH 7.8, 100 mM KCl, 0.5 mM EDTA). In each experiment, one protein was 15 N-lysine labeled, whereas the other protein was left unlabeled. The proteins were mixed in equimolar amounts and incubated for 24 h at 37°C before measurement. [ 15 N-mounted with mowiol (Carl Roth, Karlsruhe, Germany) supplemented with DAPI (Thermo Fisher Scientific). All fluorescence images were obtained using a Leica (Wetzlar, Germany) TCS SP5 confocal microscope.
TA assay. TA assays were performed as described previously. 25, 36 The assay was performed with SK-N-AS cells using the Dual-Glo Luciferase reporter assay (Promega, Mannheim, Germany). Cells were transfected using Effectene (Qiagen) in a 12-well plate format, harvested and subsequently assayed for Renilla and Firefly luciferase activity in 96-well plates in quadruplicates. For titration assays, the concentration of TAp73β or TAp73β homo was kept constant at 75 ng per assay. Different mutants and isoforms of p63 were titrated in ratios from 1 : 1 to 1 : 16. The total amount of DNA was kept constant with addition of empty pcDNA3 accordingly. The remaining sample volume has been used for western blot analysis. Outliers have been identified using Grubb's test and corrected data have been averaged. A total of three independent experiments have been performed. Means were compared using Student's t-test.
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